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Review of thermodynamic principles

Review of diffusion principles Point Defects
In Metals and Oxides

Oxide stoichiometry and defect chemistry
Anionic and cationic diffusion
Defect chemistry modification
Stoichiometry and growth
Stoichiometry and electrical conduction



Oxidation and Corrosion of
Alloys (continued)

d. Principles of oxidation and corrosion
« Parabolic and transition from parabolic
« External vs. internal oxidation (Selective oxidation)
« Oxide adherence

«  Environmental influences in hydrogen fueled SOFCs
(Evaporation, H20 content, dual-atmosphere, pressure,
current density, breakaway corrosion...)

Corrosion mechanisms using complex fuels (Oxidation in
multi component gases, Carburization, sulfidation, deposit
effects)

» Interaction between adjacent SOFC components



Thermodynamic Principles

G'=H'-TS'

At constant temperature and pressure:

AG’'< 0 spontaneous reaction expected

AG'=0 equilibrium

AG'> 0 thermodynamically impossible process

aA +bB =cC +dD

cCAd
AG'= AG®+ RT 1n[agagj
aAaB



AG® =CcAG. +dAG, —aAG, —bAGg
At equilibrium:

aa

AG°=—-RT lr{
asag

] =—RTInK
eq

Note: Free energy of formation data can be accessed
either directly or as “Log K, The latter allows direct

calculation of the equilibrium constant for the overall
reaction.



Calculation of Activities in a Gaseous Environment

Problem A gas consisting of 60 vol % H, and 40 vol%
CO, 1s let into a reaction chamber and heated to 1200K at a
total pressure of 1 atm. Calculate the oxygen partial pressure
and carbon activity in this gas when 1t comes to equilibrium.

Solution The common species which can form in such
a gas mixture and their log K, values at 1200K are listed in

the following table.

Species log K,
CO, 17.243
CO 9.479
H,0O 7.899

H, 0.00



H,(g) + CO,(g) = H,0(g) + CO(g)

logK, =log K"*° +1og Ks° —log K5 =0.135

K, =1.365 = Ph,0 Pco
P, Pco,

ni
pi: Hm
ntot

n, AN
Ky =1.365=—222

nHanoz



Species

H2

Co,
CO
H,0

K. =1.365

Species

Initial Comp. (moles) Final Comp. (moles)

0.6
0.4
0
0

AA

H2
Co,
CO
H,0

T 0.6=2)(0.4— 1)

0.6-A

0.4-A
A
A

A =0.2575 moles.

Final Comp. (moles) Partial Pressures (atm)

0.3425
0.1425
0.2575
0.2575

0.3425
0.1425
0.2575
0.2575



Calculation of Activities
Oxygen Partial Pressure

H,(g) + 1/20,(g) = H,0(g)

K. =7924x107 = Pho 02575
P PuoPo.  0.3425py’

Po, =9.0x10™ " atm

Carbon Activity
2CO(g) = CO,(g) + C(s)

logK, =logK;> —2log K;°® =—1.715

Pco,8c  0.1425a,
Pes  (0.2575)

a. = 0.009

K, =0.193 =



Will this gas oxidize N1 or Cr?

Ni(s) +10,(g) = NiO(s)

Log K, =15.75
Kp = 1L =5.6x10°
Po

po =3.2x10"“atm

NI cannot oxidize
2Cr(s) +%Oz(g) = Cr203 (S)

pg =1.2x10™ atm

Cr will tend to oxidize



RT In P 02 (kJ/mole Oz)
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Po, =9.0x10™ " atm

L

Ph,0

=1.33

Ellingham Diagram

RT In P Og(kJ/mole Oz)
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log p S2 (atm)
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Isothermal Stability Diagram
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log p O2 (atm)
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Solution Thermodynamics

-
_)

(a) (b)

Positive Deviation Negative Deviation
from Ideality from Ideality



Solution Thermodynamics
a, = N, |deal Solution

a. = v:N. Real Solution, y, = f(N))

a. =v.(0)N.  Dilute Solution, y,(c0) = constant

Sievert's Law

Consider Hydrogen Dissolving into Nickel
{ B C -
2 Hz(g) — ﬂ(le)

a 7. ()N
K = ll_/|2 = & 1/2 -

- opy P




Chromia Evaporation

Crzos (S) + %Oz (g) — 2CI’O3 (g)

11 3
— 272 4
pCrO3 =K achO3 pO2



CHROMIA

T |
CrO,(OH),

/ CrO,0H

CrO(OH),

v

10710

CrO(QH),

CrO{OH),

* Athigh T and high PO, volatile oxides develop
Cr,0, + 3/2 0, — 2 CrO4(g)
Cr,0, + 2 H,0 + 3/2 0, — 2 CrO,(OH),
F Cr(s) Cry04(s)
-E -8 Crlg)
Rt
g
-16f \
G&\Q
) ) g@éo}
C;pq’
aq 20 36 32 28 24 20 s iz 8
logpgz(atmi

Cr-O volatile species at 1250K

10

102

|
10° 104
p(H,O)/ Pa

10°

Partial pressures over Cr203 at 950C in humid air (PO2=0.21
atm) with different H20 partial pressures




log paxoy(atm)

Vapor Species Diagrams for the
Al-O and SI-O Systems
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Diffusion Fundamentals

~ oC,
Jg =D X Fick’s First law
2
dCg - D 0°Cy Fick’s Second Law




Diffusion of Interstitial Atoms (e.g. H, C) in a Metal

©
-©

|
O 0O 00,0 O O |
0.0 O?Olo o o @B interstitials
oC O O.QII OI.O O 0O © 821?315{ loofttice
B o |
J, =-D—= 0,0 ©J0I0 00
OX O o.olojo O O
—~ N
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Fick’s First Law

Steady-State Flux of Hydrogen Through Nickel



Steady State Diffusion of H, Through Ni

T=800°C
[H]
Py, =0.1atm dC Czl —Cll_l
C.() J, =-D,—=-D,
’ dX X
3, =D, St~ 6.88x10 (cm? /) 202X10_(@/cm)
X 0.1(cm)

-0 Jy =1.44x107°(g/cm? -s)

H(2)=O

0 Tmm



Oxygen and Hydrogen Concentration
Profiles in Nickel

1

o




Fick’s Second Law

Concentration Profile for a Solute B Being Lost by Evaporation

N; N;

Ny _ 5Ny
ot ox?

Boundary Conditions: Attime t: Ng = Ng® atx=0

Ng=Ng°® atx=



WDt d’Ng 1 d’Ng

X dzZ? 2Z dz?

1 dy

Y=z w



—Z° =Iny-InA

dN,
dz

= Aexp(—Zz)

Boundary Conditions: Attime t: Ng = Ng©®) atZ=0
Ng =Ng° atZ=

Njg dN, = AT exp(—Zz)dZ

IS 0

r

R.H. Integral = _—__
2

A (Ng = N&)

_ 2
Az



B o _ (S)
h‘l[dNB = 2(NB Ne )iexp(—zz)dz
NG 7T o
0 _ N®))
Ny — N¢ = 2Nz - N )Iexp(—Zz)dZ = —(Ng = NV )erfc(2)
g Z
:::i:m?o) = erfc(2)
B B
Ny — N

TN S erf (Z)
B B

o X
Ng = N&» + (Ng - Ng“)erf[zﬁj

General Solution N, = A +B erf(

750



Calculation of Local Flux

~0C,  ~. ON,

= -DV,_
OX OX

J, =-D



Oxide Chemistry

Point Defects in Metals

+ Point defects are thermodynamically stable because they lower the free energy of the system by
significantly affecting the entropy of the system. The important point defects in the metals are:

Vacancies

Interstitials

Divancies

Foreign atoms

Associated complexes of the above

«  The equilibrium concentration of the defects is obtained by minimizing the free energy and is given by,

n AH dorm AS dorm
Co =y =P kF )exp(— ")

where;
C, = concentration of defcts

n = number of defects

N = number of lattice sites

AHI__ = Enthalpy or energy to form defects
ASY. = Entropy of formation of defects

Form

Form

«  Estimation of AS9._
harmonic oscillators.

is obtained by considering vibrational entropy of crystal and treating atoms as



Defect Motion in Metals:

- ASS —AH
umps T
W, MRS 1_ye ke «
sec

2 ASY  —AHM

a -
Dd —— 10 k e KT
6
Watom — Cd ZVvd
a2 0(2
Datom - ?Watom - ?Cd Z\Nd
o> (asd+as?) (aHE+am?)

Datom - ? Ze “ € KT

D.iom IS @n ideal diffusion coefficient or tracer diffusion coefficient. In an alloy AB where y,
is the activity coefficient of A, C, the concentration of A, and N, and Ng are mole fractions.

Intrinsic diffusion coefficient: D, = Dife;'A 1+ olny,
- 5InC,

Interdiffusion coefficient: f) =N . DA 4 NADB



Point Defects on Elemental Semiconductors

The important point defects in elemental
semiconductors are:

. Vacancies

. Interstitials

. Foreign atoms

. Electrons

. Holes

. Charge defects involving the above

. Vorious associated complexes of the above

7

S higher levels
& vnoccupied
“wy in
- free altoms
= 5
> valenc
E.:O g level g
g
u“ .
l
|
N levels of
2; core
>~ ; electrons

<— Decreasing Interstomic Spacing

Broadening of atomic energy levels when atoms
approach to form a crystal

Important Electron Theory Concepts
Concepts of Discrete Energy States

Schematic energy diagram showing the energy of
all the atoms in a condensed material at various
interatomic spacings. At large atomic spacings the
energy levels are discrete, but as the atoms come
closer together there is interaction between the
atoms which result in splitting of energy levels.
The total number of electronic states in a system
derives directly from the electronic states of the
component atoms and must be conserved.

—_ empty

W

No. of | 2 3 4 2.5x 1022
atoms

Nag: 3s _1'_

+
_H_
BRI

~
~

Development of an energy band from the 3s electrons of sodium.



Depending on the atomic spacing and the configuration of the bands,
we can have a metal, semiconductor or an isulator.

Energy SE (eV)

Empty
atomic 10
states

Valence
states 01

Full
atomic
states

|
L Interatomic spacing
Metal | Insulator

Semiconductor

The energy needed to raise a solid to

Electronic energies for a solid as a function of interatomic spacing. At large electronically excited state, showing ranges of val.

spacings, all solids show an atomic limit and at small spacings all show a metallic limit carresponding to metals, semiconductors, and
(see the text for some qualifications). sulators at normal temperatures.



ConductionBand

A A e L "_;.ul'll,rﬂ,il;_r .
ﬁ’%:" o e 7.5 A nl"' Ay
A r iy ..-"f: .nﬁi.ﬂfrufﬁ..{n r:..-':.'-"':".i"'u..i..i s -"'-f"f E':

Ec

P s

Acceptor

Valence Band

Intrinsic and Extrinsic Elemental Semiconductors
_ By
Intrinsic: N=p=K'e 2T
_Eo
Extrinsic: np=K.e o

-ionized native defects and dopants
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Defects on Compounds (Oxides)
Defect Notations

The main symbol: The defect species, which may be an ion, indicated by the atomic symbol for the
species, or a vacant lattice site, denoted by V.

The subscript: Indicates the lattice or interstitial site, I, occupied by the defect.

The superscript: Indicates the difference in charge at the defect site relative to the charge at that site
in the perfect crystal. A dot is used for an extra positive charge, and a slash denotes an extra negative
charge.

Examples of Kroger-Vink defect notation

What

Cation vacancy in NaCl Vi
Cation interstitial in AgBr Ag;
Anion vacancy in MgO V5
Cation interstitial in Al,O» Al”
Ca* substituted for Na* in NaCl Cay,
Mg?* substituted for Ti* in TiO, Mgl
027 substituted for F~ in CaF» OF

Important Defects:
Vacancies (cations and anions)
Interstitials
Foreign atoms
Electrons and holes
Charged defects
Various associated complexes




Conservation Rules

Conservation of mass: Atoms are neither created nor destroyed within a system, but must
be conserved

Conservation of charge: The bulk of an ideal crystal is electrically neutral. Charged
defects must be created in combinations that are electrically neutral. Matter can be added to
or removed from a crystal only in electrically neutral combinations.

Conservation of structure (lattice site ratios): The creation of lattice defects must not
violate the inherent ratio of cation sites to anion sites in the structure. Thus cation and anion
sites can be created or destroyed only in ratios that correspond to the stoichiometry of the
compound (i.e., in electrically neutral combinations).

Conservation of electronic states: The total number of electronic sites in a system derives
directly from the electronic states of the component atoms, and must be conserved.

Law of Mass Action is Applicable
aA+bB=cC+dD

CIPF

[AF[BT

Replace activities with concentrations



Stoichiometry and Defect Chemistry

» Intrinsic lonic Disorder is such that the stoichiometry of the compound is maintained.
Example: Schottky Disorder for the compound M, X..
wl m

X
X | n

ViVl =K,

 These defects can be ionized
vV, =V, +nh’

VS =V +me’

Vi T T =k

« There are nine types of intrinsic disorder.



« Extrinsic lonic Disorder usually involves the addition of a dopant, but there are also
cases where such disorder can be established by reactions of the compound with the
gas and stoichiometry is not maintained.

Dopant:

ALO, —2 52 Al +302 +V,!

Gas Reaction:

%Oz WO 508 +V, +2h




I l I | ] I l l

-28

-24 -20 -16 -12 -8 -4 0 4

log Po, (atm)

The Kroger-Vink diagram for MX.

Pure MX

No Dopant - Schottky Defects

Electrical Neutrality
n+Vy )= p+ v

Constant Temperature

- whether electronic or ionic conductor
depends upon:

Vi Ivi]= K,

np =K,



Construction of Kroger-Vink Diagram

Reqion |I:

If K>>K,

Electrical Neutrality: [V, ]=[; |= %

1. %Xz(g)z X; —i—V,\;,( 3. X))é :V; +%X2(gas)
K, :B/—'\IA/] K, :B/;]PX?
P,
2. V, =V, +h’ 4. V=V +e
K, - MX]IO M ]1P o Vih v; hp>
il KPS VX K,
1 _1
. K,K,Py> - KK,Py>

S

K% - Ks%



Reqgion Il:

Electrical Neutrality: p:[V,\',I]




Reqgion lll:

Electrical Neutrality: N = B/x]

3

n= V)Z]: (K4K3)% Px_z%

r] K K 1
[VM-:[\/_?]: — P,
X (K4K3)
K. K.
p: ! ! P%

— 1 Xz
N (KK,)?




Constant Temperature

D is a dopant

Electrical Neutrality

n+My]=p+vs |+ [Dg ]

where;

log conc, ——=

DX, — Dy, +V,, +2X,

-28 -24 -20 -16 -2 -8 -4 o] 4

log Poz—-—-

The Kroger-Vink diagram for donor-doped MX with the
parameters given in the text: dashed lines, diagram for pure
MX.



Zr0, (+10 mol% Y, 0,1

o/ et

i 1 1

1020 1073

pnzlﬂh'n —_—

Partial conductivities of electrons, electron defects and oxygen ions in ZrO,
{+ 10 mol-%, Y,0,) at different temperatures as a function of the oxygen partial pressure

Region I Region 11 Region III RegionIV
L 0= 2(Ve] (Yz:] =2(V5) p=[Yz] 2[Ci]l=p
-1/6 i ' P
— |

Log Concentration

Log Oxygen Activity

The defect concentration dependence on oxygen activity in YSZ.



Compositional Gradients

+ The diagram shows various possibilities for the dependence of basic imperfections on the partial
pressure as found in simple ionic conductors. Other diagrams of course are possible depending
upon the magnitutde of constants such as K, and K, as well as the particle defect types. AS this
diagram indicates situations (1) and (2) are relatively simple but (3) and (4) show cases in which two
or three ranges are present in a growing layer. When only one type of imperfection is mobile, the
particle current is constant throughout the layer providing the deviations from stoichiometry are
small for the compound. When two different atomic imperfections are involved the fluxes of these
imperfections need no longer be constant through the layer. For such cases considering V', and
V’, as the diffusing species, when:

deM, L6 dJVX.
dx dx

# 0

then we must have:

dg,, A,

dx dx

-

e

~

-]

(]
I



Metal Oxide Gas
M MO O,
Cations
Cation Vacancies
Electrons
Anions
ay =1 T P
~
. ~ i "'¢
PEN
,"" ) \ 2
' _ 2AG(|3/|O ,”"' ' ~ T 1 AG;\)AO
(poz)M/MO a exp( RT ) G~ (IO';, )" exp( RT )
L X | ’
[ |
M:M2++ze— M2++26_+%02=MO
or or
M+0% =MO +2e" %0,+2e =0%

Overall reaction: 2M+ 0, = 2MO;AG;,,



Flux of Species due to Gradient in the
Electrochemical Potential

j :—L(aﬂ' +ZF a¢j

oX oX
J;: moles/cm?sec w,: chemical potential
Z.:: charge on species | ¢: electrical potential
X: oxide thickness L;: Parameter containing Di (diffusion coefficient) or K;
F: Faraday’s constant (conductivity)
e : K, (O 0
Cation: J, 2—q =Zji=——= ﬂ1+ZlF—¢
cm” —s ZF-\0oX oX
, : K 0 0
Anion: L - 3 4
Z,|F*\ oX oX

Electrons:

3 :j:_&(%_ 8¢j _ % 0,
P OX oX F2 oX



For the oxide to stay locally electrically neutral,

Ji+ [dy] = J5
The parabolic rate constant defined as:

Ax2 = 2kt
For an electronic conductor For an ionic conductor
k = j( 1D+D]dlna0 a
or k = RFTY j( ZZ]dlna

3, = P, (atm)

V' = equivalent volume



The Parabolic Rate Constant in Terms of Defect Concentrations

Z, and Z, can be related to the oxide composition for electrical neutrality |Z,|M#'=Z,01#?/. Hence,

Mz5O0z4 , or MO 24,25
for incorporation of O, into MO 74,7,

%oz 2,08 +ZNE +Z, |2

Upon applying the law of mass action to the above expression and satisfying the electrical neutrality condition
Z,\\1+Z §
dlna, = Md lni/,\f‘ ]
Zl
Substituting into the previous expression for k where D1>>D2
i _
k= [(+2,)Dd 1n[\/§1 ]
&l

For cation diffusing via a vacancy mechanism
_ 2fJ
D, = [\/M Dv@f

Kl

k=1+2) | D, dv,;

W



Assuming D, is constant
\Vi 1

k=(+2)D, “\/J ] —Mf”

For p-type oxides [VJ‘_ ] >> [VJ]

k=(1+Z)D,, M]
k=(1+Z,)D/

Where D,” is the value of D, at the MXz -gas interface

12,

In case of n-type compound

k=(+2,)D; where D, is the value of D, atthe m-mx, interface.

12,



Electrical Conduction

Gn — pell'ln
o, =Ne,

G Og electrical conductivity via holes or electrons
p, N concentration of holes or electrons

W, Mo mobility of holes or electrons
Consider Cr,05 added to NiO with Schottky Defects
Cr,0, —°—>2Cry; +303 +V};

vV, =V, +2h°
%Oz -V +0
Applying law of mass action

_ _ [valp?
K =const. = o

0




Kroger-Vink Diagram Applicable to Cr,O, Addition to

N

NiO with Schottky Defects

log [ ]

=

(a)

d:
log p(02)2
For [Cr°J=2[V"] and constant P(O, )as increase Cr,O, in solution in NiO, [Cr° ] and [V"]
increase, p decreases.
If dope with a fixed amount of Cr,O, and [Cr°]=2[V" ], p increases as P(O,) increases.
If p=2[V"] the concentration of Cr,0, is too low to affect [V”] and p and they increase with P(O,).



Growth of Oxides on Pure Metals

Focus on Diffusion-Controlled Growth

1. Simple Parabolic Oxidation Model
2. Effect of Oxygen Partial Pressure
3. Bulk vs. Grain Boundary Diffusion



Pure NI exposed for 1 hour @ 1100°C




Metal Oxide Gas
M MO O,
Cations
Cation Vacancies
Electrons
Anions
ay =1 T P
~
. ~ i "'¢
PEN
,"" ) \ 2
' _ 2AG(|3/|O ,”"' ' ~ T 1 AG;\)AO
(poz)M/MO a exp( RT ) G~ (IO';, )" exp( RT )
L X | ’
[ |
M:M2++ze— M2++26_+%02=MO
or or
M+0% =MO +2e" %0,+2e =0%

Overall reaction: 2M+ 0, = 2MO;AG;,,



Simplified Treatment of Diffusion-Controlled Oxidation

" !
Vy CvM
X

jM2+ :_jVM - DVM

j _ 1 %:D CvM _CVM
ME OV dt X

dx k'

dt X

" 4

k"= vM Vox (CVM vM )

=2kt



Effect of oxygen partial pressure

(p-type oxide)
Ni NiO Gas; po,
Cy,, forhigh pg

Cy,, forlow pg
(C\,/Ni )Ni/NiO




Effect of oxygen partial pressure
10, =0, +h +VCO’
C,C, »=Kpo,
Ch' = CVCEO
C,, =const.py*

C, =const.py’

o)
17N
k'oc(po2 j



Effect of oxygen partial pressure

Oxidation of Co

1100°C

1050°C

< | . 1000°C
w “v
Y- -7r .
e
O
N >
= | .
= - . ¥ ¥ o 950°C
< o
(@) age
o

P = 4 ¢ v -Bridges, Baur, and Fassell”
o---o---« -Mrowec and Przybylski*'

2 1 0 1 2
logp,, (atm)



Cross-section of Co oxidized in Air at 750°C




Effect of oxygen partial pressure
(n-type oxide)

Zn Zn0O Gas; po,

((:Zni )Zn/ZnO

C,, forlow py

C,, forhigh p,



Effect of oxygen partial pressure

L1 G -G
ME Y dt ™ X

K= Dy Voe (Coy. —Cii.)
ZnO =27n;+2e'+50,

Kl — CZni“Cez’ pé)/zz
2C,. =C,
K, =4C> po’

, 1/3
C :(K1 /4) Po, * =const.py."¢

n;

B 1/6 1/6 ]
1 1
k’.o =const. , — .
Po, Po,




Pure NI exposed for 1 hour @ 1100°C




Transport Paths - NiO
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Relative growth rates of several oxides

Temperature (K)
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Selective Oxidation

The approach to developing high temperature corrosion resistance in
alloys is to have the reactants, namely the alloy and the gas, form a
reaction product that separates the reactants and that allows slow
transport of the reactants through it.

Gas

ASR =p,, h,,

Most environments encountered in practice contain some oxygen, hence
protective barriers are usually a-Al,O,, Cr,0, and SiO,,.

For SOFC-ICs one wants to avoid the selective oxidation of Si and Al.



»
Oe.,

RT In P 02 (kJ/mole O2)

hG*

0K

Ellingham Diagram

H2/H20 rati

io

108

19 -6

104

COJ/COg ratio

10-8 106

104

P oz

Po;

0
*
0"
-1007 10_2
=200
104
-300
1076
-400
108
-500
-10
-600 10
-700 : 10-12
-B00 ; oy
. : 16
b 10°
AL H
2 1P~\'2—03 .
-1000 E ,‘0'?—'2' o : A
sﬂ >y Change of State Element  Oxide . 10-18
B F . b
-1100 : Melting Point M M 0.. 10
H Boiling Point B B 0,'
. 10104 [*o5-20
1200 | " . 5, . , | | . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Temperature (*C) N
10104 t10°
CO/CO2 ratio 1014 1012 "
Hz/H20 ratio
- A 1 1 1 N 5 N
10-200 10-100 1070 1060 1950 4042 4o 034 0 1028 1028 1024



PWA 1484 oxidized at 1100°C
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Cross-sections of Ni-8Cr-6Al oxidized @ 1100°C

a-Al203

1 hour in dry air Sl

’11;

1 min 1n air with water vapor (0.1atm)



Transition to External Scale Formation

—x(t)—
P
R
a A-B Dok
NB \I BO
Ng




Transition to External Scale Formation

Equating the molar fluxes of solute B and oxygen
- . ~1/2
N© s | N PoVi
B 0
2v DgVi,

Maintaining the Growth of an External Scale

Equating the molar flux of solute B to that being
required for oxide growth

1/2
NG = Vo [ 7Ky
32v\ Dg




Effect of Temperature and Al Content on the Formation

and Continued Growth of External Alumina on Ni-Al

Alloys
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Relative Growth Rates of Several Oxides

Temperature (K)
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Oxidation of Chromia-forming Alloys

Oa(g)
Polycrystalline
Cr,0; Single
Crystal
CI’203
l
Grain #1 Gramn #2 Grain #3

Polycrystalline Cr

Caplan and Sproule, Oxid. Of Metals, 1975



Isothermal Oxidation — RE Effect

o Ni-50Cr

A Ni-50Cr-0.004Ce o2
2| ©Ni-50Cr-0.010Ce

v Ni-50Cr-0.030Ce

v Ni-50Cr-0.080Ce_g

)

-~
-

&

Am/A (mg/cm?)

0 4 8 12 16 20 24
time (h)

Ecer, and Meier, Oxid. Of Metals, 1979
Singh, Ecer, and Meier, Oxid. Of Metals, 1982




Oxidation

of Ferritic Stainless Steels

Alloy Fe Cr C Mn Si Ni Mo Ti Al Zr P S |LatCe
Crofer bal. | 22.0 | 0.005 [ 0.50 0.08 0.016 | 0.002 | 0.06 La
E-brite bal. | 26.0 | 0.001 [ 0.01 [ 0.025 1.0 0.020 | 0.020 | --
26Cr Ferritic | bal. | 26.0 ~10 | ~1.0 1.0
ALAS53 bal. | 22.0 | 0.030 [ 030 | 0300 [ -- 0.02 | 0.60 -~ 1 0.020 | 0.030 | 0.10
ZM@G232 bal. | 22.0 | 0.020 | 0.50 | 0.400 | 0.26 021 | 022 - 10.041a

Exposure Conditions
T =700°C, 800°C, 900°C

One-Hour Cycles

Atmosphere: Dry Air (SCG)




Mass Change / Area (mg/cm?)

Dry Air Exposures — 900°C

Time vs. Mass Change / Area for Crofer, E-brite, and AL453 Samples (900°C, Dry Air)

3.5 7
3.0 —e— Crofer-1 __—
' —a— Crofer-2
E-brite - 1 /___/
25 —x—E-brite - 2 . V//k\._/f
——AL453-1 //\/
——AL453 -2
2.0 1 7’/ /»
/%/ %/’/
/ I —— o
1.0 /X/% =
WM/ E-brite undergoes
05 e—" oSAIPA eanalatiAn
: SUITIG SspPdlialiull
and evaporation
0.0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Exposure (Cycles)



Internal Oxidation of Impurities
Crofer ALA453

Si rich oxide e A{;) : - Internal Al,O,
0
700°C < 700°C

900°C Internal AL,O; 900°C Internal Al,O,
| — T



Cycllc OX|dat|on of Alloys

1h
Cycles

1100°C

615cycles 664cycles 802cycles

Isothermal

time

cychc



Cyclic Oxidation

Alloy

.,

T — s~

Oxide

G

d

Am/A

Isothermal

=

t
Cyclic



Effects of Alloy Depletion and
Scale Spallation

Ne

A_B Internal Ox.

Ng(Crit)-OK




Origins of Oxide Stress

» Growth Stresses — stresses arising from
the nature of the oxide growth process

 Thermal Stresses — stresses arising form
the thermal expansion mismatch between

metal and oxide.
* Applied Loads



Stress Generation by
Internal Oxidation

Extruded
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Thermal Stress

<tOX>

<tOX>




Origin of Thermal Stress

metal Ox _ _
Ethermal — M AT Ethermal = aoxAT AT _TL 'TH

ox _ oox(1-voyx)

metal _ OM (1-vp ) Emech = 3
=
mec EM Ox
metal metal _Ox Ox
thermal mechanical — €thermal + €mechanical
omtm +200xtox =0 Force Balance
ayar . 22ododIove) g AT L opy(1-vey)
tvm Em
EOx

Cox = —(aox —am )AT
X 2tox(1-vy )+ (1-vox)
tm Em Eox

— Eox(aox —am )AT
O = ~
Ox toxEox If vy = v,
(1-v) 142 %O%
tm Em




Thermal Stress if ty, <<ty

—Eox(apx —apm )AT

O0x = (1—1/)



Stress Measurement
XRD Techniques

Tilting Technique [hKI]
diffracted beam Sf incident beam
\J
/ O, 0, f/\ tilting axis
{hki} 5 S,

s

Rocking Technique [hkI]
diffracted beam Ss
0 )\ Y incident beam
b —
o R
hkl} 0 S,

T~
\l.‘\
C——F



Stress Measurement

226 FIT, (NI,Pt) aluminide, ridges removed, 40h @

« d-spacing as a function 1100°C

of the biaxial stress and

the tilt angle 1.041

1.04 &
dv/:%Sz-00-do-sinzt//+do(2sl-ao+1) 1039 \

1.038 \

(@)
« Calculation of Stress S \
Q.
& 1.037
slope = s, -0, -d, 1.036
e 414 +/- 0.21GPa y =-0.0135x + 1.0479
1.035 \
1.034 ‘ ‘ ‘
0.4 0.6 0.8 1

sine squared psi



Oxide Failure

Stored elastic energy of
alumina = {(s

Al,O4 X

ox> Xox)

Fracture resistance of the
alumina/alloy interface =
f(morphology, composition)




Response to Stresses

Gas

Alloy

(a)
buckling of the oxide

Gas

—p Oxide <+—
Alloy

—

Gas

7/
Oxie\ /

Alloy

(b)
shear cracking of the
oxide

Gas

Alloy

(c)
plastic deformation
of the oxide and alloy



Example of
Buckling

Alumina
scale

10 ym




Spallation of Alumina Scale by Buckling
FeCrAl (TMP) oxidized at 1100°C for 120 hours.




Circular
Buckles

-

Intact alumina scale

Circular spalled area

10 ym




FeCrAlITi Cyclically Oxidized for 288h at
1100°C




Deformation of Crofer During
Cyclic Oxidation




Effect of Sulfur and Reactive Element
1.5

FeCrAlY

FeCrAl (low S)

FeCrAl (normal S)

0 100 200 300 400 500 600
time (h)



Effect of Yttrium

alumina scale




Long Term Cyclic Oxidation Testing

2
NiCrAl-0.2Y

0 = \
& NiCrAl-0.02Y
E L
O
k=)
E
<
g 4

. NiCrAl-1.0Hf
NiCrAl

-6}

_8 1 1 1 1

0 200 400 600 800 1000

time (h)

Cyclic oxidation kinetics for several Ni-Cr-Al alloys
exposed at 1100°C.



Reactive Element Effect for a
Chromia Former

1 -
) Cyclic
Oxidation
-1F
5
> 2
£
< -3t
e
<
4}
o Ni-50Cr
5L 2 Ni-49Cr-0.01Ce
e Ni-49Cr-0.08Ce
-6 Air, 1100°C

0 4 8 12 16 20 24
time (h)



Cyclic Oxidation Degradation and Breakaway

« Alloys initially are Cr,O5-formers

982°C 30 day cycles
0
‘?g =50
o
£
g} i
8 100 -
[&]
a
=
—150 4
-200 4+—+ T T T T T T I
0 [0 180 270 360 450 540 630 720
Time (days)
wt%
Alloy | Cr Ni Fe Co Mo W C Others
800HT | 21 325 | Bal - - - 0.08 0.8Mn, 0.5Si, 0.4Cu,

0.4Al, 0.4Ti

HR-120| 25 37 Bal. 3* 2.5 | 2.5* 0.05 0.7Mn, 0.7Nb, 0.65i,
0.2N, 0.1Al, 0.005B

Bal. 3* - 2 14 0.1 0.5 .45i, 0.3Al,
0.02La, P.015B*

More adherent oxide

2
G2
o
2
(3]




Cyclic Oxidation Degradation and Breakaway

«  Chromium depletion due to spalling of oxide

982°C 30 day cvcles

28T

24

230

20

Surface Cr concentration (at.%)

I 1

I
-0 100 200 300 400

Exposure time (days)
wt%

Alloy | Cr Ni Fe Co Mo w C Others

800HT | 21 32.5 Bal. — —_ — 0.08 0.8Mn, 0.55i, 0.4Cu,
0.4Al, 0.4Ti
HR-120| 25 37 Bal. 3* 2.5% | 2.5¢ 0.05 0.7Mn, 0.7Nb, 0.65i,
0.2N, 0.1Al, 0.005B
230 22 Bal. 3* — 2 14 0.1 0.5Mn, 0.4Si, 0.3Al,
0.02La, 0.015B*




Cyclic Oxidation Degradation and Breakaway

« Alloy initially is an Al,O5-Former

19 -
18 4
17 4
16 A
15 4
14 4
13 4
12 A
11 -
10 -

Mass change (gm—2)

= NWhkoOo® =~ WO
I R TR N TR TR R S |

v
[
v v
v All Al consumed
....... 0.2 <+—  assuming Al,O,
0 0% formation
o)
o ¢

° O @ 5hCycles

o V ¥ 20-h Cycles

O ® 50-hCycles

‘_{:}' |||||||||||||||||||||||||

0O 10 20 30 40 50 60 70 80 90 100 110 120
Exposure time (h)

(Wt%) Fe-20.5Cr-5.2AI1-0.002Zr-0.39Si-0.01Ti-0.25Mn

1200°C
Filled Symbols First Evidence of Color Change



Cyclic Oxidation Degradation and Breakaway

+ Fe-20.3Cr-5.6Al-0.05Y-0.04Zr-0.26Si-0.2Mn

1200°C, 160 hr
20 hr cycles
air

20 um

100
90 ] Fe

. Ii 5%
80 -

70

60 - 0 ™
1507 <+<—— Alloy/Oxide Interface

at.%

40
30 Cr Al W
20 - ™
10 ALO Mg Fe

T fady P "
0 - : Priahmibisfiiprny i
o alloy | oxide scale
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Oxidation of Al and Cr In a Fe-25Cr-5Al(wt%)
Alloy

« At 1200°C to oxidize aluminum:

2Al(alloy)+%oz ~ ALO,

cal
AG, o =—288,091 ——
Al20s mole
K —e_AGFZ\?% _
e
Gas ?
ALO, 2.43x107%

«— P_

Alloy 0, = %
a'A|




Oxidation of Al and Cr In a Fe-25Cr-5Al(wt%)
Alloy

« Similarly the oxygen pressure to oxidize chromium in the alloy is

2Cr(Alloy) +%O2 =Cr,0,

I
AGS, . =—180,740—2
2 mole
1.12x107"®
Po, = 7
ac;
fay~102  (Po, )0 ue = 1-1X10atm
aCf~O'25 (Poz )oxidizeCri nAlloy =7 1X10_18 atm

Chromium will not be oxidized until PO,= 1.8x10-'” hence a,, must be reduced to:

a, =2.5x10"atm



Ni-Cr-Al Cyclic Oxidation Degradation

at. % Ni



Cyclic Oxidation Degradation versus Breakaway

« The difference between cyclic oxidation degradation and breakaway is somewhat
subtle:

Cyclic oxidation degradation

—50 -

~100 -

Mass change (mg cm~2)

-150 -
Breakaway

-200

T T 1 I I 1 T
0 90 180 270 360 450 540 630 720
Time (days)

Cyclic Oxidation at 982°C



Breakaway Can Also Occur Under Isothermal Conditions

Breakaway oxidation

Initial protective oxidation

AMOUNT OF OXIDATION,

TIME, ——»
Schematic illustration of the kinetics.of breakaway oxidation.

 When breakaway is observed under isothermal conditions, the alloy usually is not
very oxidation resistant (e.g. Zr, Nb)

« If the alloy is oxidation resistant extremely long isothermal oxidation exposures are
required at high temperatures.



Mass change [mg/cm?]

Lifetime Prediction to Breakaway

900°C
Lifetime Prediction

Crofer 22APO ZMG 232
3.5 A b 0.5mm AA
3.0 o S é'm 0.3 mm 4.0 1 ﬂ\ a
] o ot —351 a“d
2'5: © 0.0 mm oo DDDBAAAAAAA = g“' D.a/Tm ﬁaéa o 1.0mm
e = sa E I A8 s s 0108 °
2.0 . EDSAAAIQA L0000 Z0mn 925 nﬂnﬁaaooc"’ooo
15 4 ° nnngAA oooooooooc gz_uj U‘A‘ZTr\lrlm Uuzsegooo
6 D8 oooo 2‘1.5- 81:1ﬂ°
"°,<>Egzo°°° 250l ae?
0-5’§°o 0.5‘5‘,
T, S R R e e e e R R e S e L 0.0 — — — : :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time [h}] Time [h]
Cyclic Oxidation (2 hr hot, 15 min cool)
Composition (wt%)
Steel Fe Cr Mn Ti La Si A N zr C N S
Crofer 22APU Bal. 226 04 0.06 0.07 0.11 0.12 0.16 - 0.005 0.01 <0.001
ZMG232 Bal. 221 048 - <0.01 0.36 0.19 0.31 0.13 0.0017 0.0047 <0.001




Calculated Lifetime

10000000

3 Js-3
1000000 4 Crofer 22 APU

1 ZMG232
100000 3

10000 +§

Time to breakaway [h]

AN

1000 §

100 —
0.01 0.1 1 10

Specimen thickness [mm]

1000000 5
] Js-3
100000 4 Crofer 22 APU

10000 4 ZMG232

1000 A

\

100 4

10 - - — - .
0.01 0.1 1 10
Specimen thickness [mm]

* no oxide spalling
* k, values for thick specimens

800°C

900°C

» breakaway occurs when Cr is reduced to some critical level



1E-11 5

Crofer 22 APU - 900°C

e 1E-12 1
o
X ]

= ]

iu b
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1E-13 E 5 Crofer 22 APU - 800°C

0.1 1 10
Specimen thickness [mm]

1E-14 —
0.01

» Parabolic rate constants are dependent on specimen thickness

* Possible explanation:
- Growth stresses in oxide
- Manganese depletion
- Minor alloying elements (Si, Ti, Al) internal oxidation with alloy

extension



900°C

1000000
] Crofer 22 APU
1 alcul
100000 | (calculated curve)
) ]
%\, s
= 10000 - Ghfac e
g 1 Crofer 22 APU (calculated curve)
o .
@ 1 (experimental results)
= i
2 1000 - T»
[0} =
£ .
= I
[ ]
100 -
] ZMG232
(experimental results)
10 T LB LINRA SR S S N 1 T A\l ] T+ ¢t T T T T rrrrr
0.01 0.1 1 10

Specimen thickness [mm]

Correlation of calculated and experimental results considering thickness
dependence of ki,.
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